Previous studies have indicated that thyroid cancer risk after a first childhood malignancy is curvilinear with radiation dose, increasing at low to moderate doses and decreasing at high doses. Understanding factors that modify the radiation dose response over the entire therapeutic dose range is challenging and requires large numbers of subjects. We quantified the longterm risk of thyroid cancer associated with radiation treatment among 12,547 5-year survivors of a childhood cancer (leukemia, Hodgkin lymphoma and non-Hodgkin lymphoma, central nervous system cancer, soft tissue sarcoma, kidney cancer, bone cancer, neuroblastoma) diagnosed between 1970 and 1986 in the Childhood Cancer Survivor Study using the most current cohort follow-up to 2005. There were 119 subsequent pathologically confirmed thyroid cancer cases, and individual radiation doses to the thyroid gland were estimated for the entire cohort. This cohort study builds on the previous case-control study in this population (69 thyroid cancer cases with follow-up to 2000) by allowing the evaluation of both relative and absolute risks. Poisson regression analyses were used to calculate standardized incidence ratios (SIR), excess relative risks (ERR) and excess absolute risks (EAR) of thyroid cancer associated with radiation dose. Other factors such as sex, type of first cancer, attained age, age at exposure to radiation, time since exposure to radiation, and chemotherapy (yes/no) were assessed for their effect on the linear and exponential quadratic terms describing the dose-response relationship. Similar to the previous analysis, thyroid cancer risk increased linearly with radiation dose up to approximately 20 Gy, where the relative risk peaked at 14.6-fold (95% CI, 6.8-31.5). At thyroid radiation doses >20 Gy, a downturn in the dose-response relationship was observed. The ERR model that best fit the data was linear-exponential quadratic. We found that age at exposure modified the ERR linear dose term (higher radiation risk with younger age) (P < 0.001) and that sex (higher radiation risk among females) (P = 0.008) and time since exposure (higher radiation risk with longer time) (P < 0.001) modified the EAR linear dose term. None of these factors modified the exponential quadratic (high dose) term. Sex, age at exposure and time since exposure were found to be significant modifiers of the radiation-related risk of thyroid cancer and as such are important factors to account for in clinical follow-up and thyroid cancer risk estimation among childhood cancer survivors. g
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INTRODUCTION
Previous studies have indicated that long-term survivors of childhood malignancy have an increased incidence of second primary thyroid cancer after radiotherapy that is curvilinear with dose, such that risk steadily increases up to approximately 20 Gy, above which there is a downturn in the dose response (1, 2) . The complex relationship of radiation dose and risk for thyroid cancer complicates risk estimation and assess- ment of factors that may modify the dose-response relationship.
Prior studies have evaluated fewer than 70 thyroid cancer cases among childhood cancer survivors (1) (2) (3) (4) (5) , and there is conflicting evidence as to modifiers of the radiation dose response (1) . We have conducted one of the largest cohort studies to date of treatment-related secondary thyroid cancers based on the Childhood Cancer Survivor Study (CCSS) population. A previous case-control study in the CCSS cohort evaluated 69 thyroid cancer cases with follow-up to the year 2000 (1, 2). With 5 years of additional follow-up, 119 thyroid cancer diagnoses and the availability of thyroid gland radiation dose estimates for all survivors, we have estimated absolute risks, and due to increased precision, we have evaluated radiation effect modifiers in greater detail than previously possible. To our knowledge, the present study is among the first to describe the effect of age at exposure, type of first cancer, sex, attained age and time since exposure on the ascending and descending portions of the dose-response curve for excess relative and excess absolute risk of thyroid cancer after a childhood malignancy.
MATERIALS AND METHODS

Study Population
The design of the CCSS and characteristics of the study population have been described in detail previously (6, 7) . Briefly, subjects eligible for study were diagnosed before age 21 years with leukemia, central nervous system (CNS) cancer, Hodgkin or nonHodgkin lymphoma, kidney tumor, neuroblastoma, soft tissue sarcoma or bone cancer during 1970-1986 at one of 26 institutions in the U.S. or Canada and had survived for at least 5 years. In addition, for the present analysis, participants had to agree to the release of their medical records so radiation treatment and chemotherapy status could be determined. Of the 12,756 potentially eligible participants in the CCSS cohort, three were excluded due to missing information about follow-up, 204 due to missing information about whether radiation or chemotherapy treatments were received, and two who developed thyroid cancer within 5 years of treatment for their initial cancer, leaving 12,547 childhood cancer survivors for analysis.
Data Collection and Case Ascertainment
The CCSS research protocol and procedures were approved by the human subjects committees at each participating institution. A baseline self-administered questionnaire sent in 1994 collected data on demographic characteristics, education, income, employment history, marital status, height, weight, personal health habits, family cancer history, medication use, reproductive history, and new malignancies and other health outcomes (see http://ccss.stjude.org for detailed study methods and instruments). Subsequent surveys were mailed to cohort members in 2000, 2003 and 2005 . Less extensive information was collected in these follow-up surveys, but each inquired about the occurrence of new malignancies.
Cases were defined as patients who developed a subsequent thyroid cancer at least 5 years after a first childhood malignancy. Thyroid cancers were ascertained through self-report (including surrogate respondents) on questionnaires. Pathology reports were obtained, and thyroid cancers were verified by a CCSS pathologist (S.H.). From 1970 to 2005, 119 confirmed thyroid cancer cases were identified (by histology: n 5 96 papillary, n 5 14 follicular, n 5 3 other, n 5 6 unknown). One hundred and eleven of these cases were second primary cancers and eight cases were third primary cancers. For these eight cases, the intervening cancers included breast cancer, lung cancer, non-Hodgkin lymphoma (n 5 2), osteosarcoma, soft tissue sarcoma (n 5 2) or melanoma skin cancer.
Radiation Dosimetry
Copies of radiation therapy records pertaining to the original cancer diagnosis and treatment, plus any additional treatment that occurred during the ensuing 10 years, were obtained from the treating institution and forwarded to the CCSS Radiation Physics Center at the University of Texas M. D. Anderson Cancer Center for thyroid dosimetry assessment. Absorbed organ doses in Gy to the left and right lobes of the thyroid gland were calculated separately. If the organ was outside the nearest treatment field, doses were based on out-of-beam measurements in a water phantom (8, 9) . Doses to organs in the beam were derived using standard radiotherapy techniques (10) , which took into account typical blocking procedures. Due to the large number of patients who had radiotherapy (n 5 8,538), it was not possible to evaluate individual patient records to take into account each instance when the thyroid gland was or was not under blocking. If important therapy details were missing from medical records (e.g., date of treatment, treatment dose or body site treated), total doses were set to unknown (n 5 449). For each patient, doses from all radiation treatments given within 10 years after the first cancer were included; 1805 patients received subsequent radiation therapy 1 to 10 years after their initial treatment. For analysis, radiation dose (calculated as the mean of the total doses received by the left and right lobes of the thyroid gland) was treated as a time-dependent variable with a 5-year lag to account for a minimum 5-year interval between radiation exposure and development of thyroid cancer (11, 12) .
Statistical Analysis
To conduct Poisson regression analysis, the DATAB module of Epicure (Hirosoft International Corporation, Seattle, WA) was used to arrange the data in a multidimensional table with each cell providing case counts and person-years of follow-up for separate combinations of various categorized demographic, diagnosis and treatment-related variables. These included sex, year of birth, race, type of childhood cancer, age at childhood cancer diagnosis, time since first cancer, attained age, calendar year of childhood cancer diagnosis, attained calendar year, type of treatment, thyroid radiation dose, radiation treatment status and chemotherapy status (see Table 1 for categories). Each cell in the table also provided the mean values of year of birth, attained age, attained calendar year, age at childhood cancer diagnosis, time since childhood cancer diagnosis, year of childhood cancer diagnosis, and radiation dose to the thyroid.
Poisson regression analyses were used to calculate standardized incidence ratios (SIR) and estimate excess relative risks (ERR) and excess absolute risks (EAR) associated with radiation dose using the AMFIT module of Epicure. Corresponding P values and 95% CI were also calculated, and all statistical tests were two-sided with statistical significance assessed at P , 0.05.
The SIR was defined as the ratio of observed to expected numbers of thyroid cancer cases. The expected number was calculated by multiplying sex-, age-and calendar year-specific U.S. incidence thyroid cancer rates by the number of person-years at risk in the cohort. The general population incidence rates were based on data collected through the Surveillance, Epidemiology, and End Results (SEER) program (13) . For various demographic and treatment variables, the heterogeneity of SIRs among categories of those variables was evaluated using two-sided likelihood ratio tests (LRT).
The ERR and EAR for thyroid cancer were assessed in Poisson regression models that were based on purely internal analyses because the CCSS cohort included unexposed cases and non-cases, allowing for the estimation of the baseline risk. The models were based on radiobiological principles, with an ascending term allowing risk to increase with increasing dose in a linear, quadratic or linear-quadratic fashion and a negative log-linear or log-quadratic term to allow for the effects of cell killing at high doses (1, 2). The ERR and EAR models have the general form 
. Likelihood ratio tests (LRT) were used to evaluate various nested ERR and EAR models to determine the most parsimonious models that best fit the data. Then LRT were used to sequentially assess possible effect modification of the dose parameters in these models. For example, with a linear-exponential model of the following form,
Effect modification by a pertinent variable was first assessed for the linear ascending risk term (b 1 d), comparing a model with the effect modification term (Eq. 4) to a model without this term (Eq. 3):
To assess effect modification of the exponential downturn risk term [exp(b 2 d)], a model with both an exponential effect modification term and a linear effect modification term (Eq. 5) was compared to the model that contained only the linear effect modification term (Eq. 4):
While stratified dose-response parameters for categories of potential effect modifiers are presented, continuous versions of the covariates (where appropriate) were used to assess the presence of effect modification as a test for trend. Sex, year of birth, race, type of first cancer, attained age, attained calendar year and treatment with chemotherapy (yes/no) were evaluated as potential effect modifiers. Because radiation treatment was delivered near the time of cancer diagnosis, we used age at cancer diagnosis, time since cancer diagnosis and year of cancer diagnosis as proxies for age at exposure, time since exposure and year of exposure, respectively, and analyzed these variables as potential effect modifiers. When we evaluated each potential effect modifier, it was also included in the baseline risk term, THYROID CANCER AMONG CHILDHOOD CANCER SURVIVORS except for age at, time since and year of radiation exposure since individuals included in the baseline are unexposed to radiation and thus are not assigned values for these variables. The natural logarithm of attained age, sex and type of childhood cancer (Hodgkin lymphoma, leukemia or other) were included in the baseline risk term in all models that were evaluated. No major differences were observed in the results when including categories of attained age or more differentiated categories of type of childhood cancer. Since inclusion of other variables in the baseline term as potential confounders, such as race, year of birth or chemotherapy (yes/no) did not have a significant influence on the dose-response parameters in the ERR and EAR models, these variables were not included in the baseline term. person-years of follow-up. Table 2 provides relative risks for select variables adjusted for categories of radiation exposure, attained age, sex and type of first cancer, where appropriate. When examining categories of thyroid dose received from radiation therapy, the SIR and RR increased steadily up to the 20 to ,25 Gy category and then declined at higher doses. While the SIR among males was significantly elevated compared to females, the adjusted RR indicates that females had a twofold increased risk of developing thyroid cancer compared to males. Significant heterogeneity by type of first cancer was seen for the SIR but not the RR, though patients with childhood bone cancer and neuroblastoma still demonstrated significant twofold increased RRs of developing thyroid cancer compared to patients with childhood leukemia. There was also evidence of heterogeneity of the SIR and RR by age at first cancer, with a trend of decreasing adjusted RRs with increasing age. Among patients receiving chemotherapy, the SIR and RR were both elevated, but the latter was of borderline statistical significance. 746 5 1.5 Gy). The youngest ages at radiation exposure were for patients diagnosed with neuroblastoma (2 years), and the oldest ages were for patients diagnosed with Hodgkin lymphoma (mean 5 15). Based on the difference in deviance of nested models, statistical significance and parsimony, model 5, with two dose parameters [linear parameter (ERR/Gy) and exponential quadratic parameter for the high-dose downturn], appeared to best describe the data (Table 4) . Model 10, also a two-dose parameter model, could be argued as the best model; however, the change in deviance compared to model 5 was not large, and model 5 is more congruent with radiobiological theory (14) (i.e., linear dose response at lower doses). Figure 1 shows the RR of thyroid cancer as a function of mean thyroid radiation dose for models 5 and 10 and also includes RRs and corresponding 95% CI for dose categories.
RESULTS
When examining EAR dose-response models, there were significant improvements in fit when comparing models with three dose parameters to model 5, which again is the most consistent with radiobiological theory (Table 5) . However, based on deviance values, it appeared that model 10, with only two dose parameters, fit the data just as well as the three-parameter models. Figure 2 shows the EAR/10,000 person-years for thyroid cancer as a function of mean thyroid radiation dose for models 5 and 10. In Table 6 predicted baseline (specified for model covariates as follows: males diagnosed with childhood leukemia with an attained age .20 years) and excess cases of thyroid cancer are provided based on EAR models 5 and 10 of the dose response applied to the mean dose and number of person-years in various dose categories. The total number of excess cases is the sum of all stratum-specific excess cases for each combination of the variables sex, type of childhood cancer and attained age.
Type of first cancer, attained age, age at radiation exposure and time since radiation exposure all significantly modified the linear dose term in ERR model 5 (Table 7) . However, when we assessed two effect modifiers at a time in the same models, only age at radiation exposure remained statistically significant, with a trend of smaller linear dose terms with later ages at exposure. For example, when we added an effect modification term for type of first cancer to a model that already had an effect modification term for attained age, the LRT for effect modification by type of first cancer was not statistically significant. However, when adding an effect modification term for attained age to a model ; Baseline function includes natural logarithm of attained age, sex, type of childhood cancer (Hodgkin lymphoma, leukemia or other) and effect modification variable of interest (e.g. when evaluating race as an effect modifier, it is also included in the baseline term).
b 95% confidence interval based on the likelihood ratio profile of the parameter estimates (more appropriate than Wald estimates for linear dose-response terms).
c Likelihood ratio test comparing models with and without effect modification terms.
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that already had an effect modification term for type of first cancer, the LRT for effect modification by attained age was statistically significant. Though not statistically significant, the ERR/Gy among those who did not receive chemotherapy was approximately fivefold higher than that among those who did receive chemotherapy. Table 7 provides P values for effect modification for the covariates in which the nested models were adjusted for effect modification by age at radiation exposure. None of the variables in Table 7 significantly modified the exponential quadratic term (results not shown). See Fig. 3a for the relative risk dose-response curves stratified by age at exposure, which shows a marked reduction in risk over the dose range among those diagnosed after age 15 compared to those diagnosed before age 5. Sex, attained age, attained calendar year and time since radiation exposure all significantly modified the linear dose term in EAR model 5 (Table 7) . However, when we assessed two effect modifiers at a time in the same models (results not shown), only sex and time since radiation exposure remained significant modifiers of the EAR/Gy term in model 5. Females had a twofold larger EAR/Gy than males (P 5 0.008) ( Table 7) , and there was a general trend of larger linear dose-response coefficients with increasing time since exposure. The similarity of the EAR/Gy estimates, but differences in ERR/Gy estimates by chemotherapy status suggest an additive rather than multiplicative effect of radiation and chemotherapy on the risk of second primary thyroid cancer. Table 7 provides P values for effect modification for the covariates in which the nested models were adjusted for effect modification by time since radiation exposure. None of the variables in Table 7 significantly modified the exponential quadratic term (results not shown). The excess absolute risk doseresponse curves stratified by sex and time since exposure in Fig. 3b and c, respectively, show the increased EAR over the dose range for females and for those whose time since exposure exceeded 25 years.
Sex and time since radiation exposure were also significant modifiers of the ascending quadratic risk term in EAR model 10 (results not shown), demonstrating very similar patterns to those seen with the linear term in EAR model 5. This quadratic term was larger in females compared to males (0.3 compared to 0.1, P 5 0.02), and there were trends of larger quadratic doseresponse terms with increasing time since exposure age (P 5 ,0.001). None of the variables significantly modified the exponential quadratic term.
DISCUSSION
In the largest study to date of radiation exposure for the treatment of childhood cancers and subsequent thyroid cancer risk, we confirmed the downturn in risk of developing thyroid cancer after radiation doses exceeding approximately 20-25 Gy that was demonstrated in the previous case-control study conducted in the CCSS cohort (1, 2) and is thought to be attributable to cell killing (15) . We also found that age at radiation exposure significantly modified the ascending linear portion of the ERR dose response, for which the previous case-control study found only suggestive evidence. Unlike the previous study, we were able to evaluate the EAR, which demonstrated a similar doseresponse pattern to the ERR; however, significant modifiers of the EAR linear term were sex and time since radiation exposure. Results were similar when restricting analyses to the 111 second primary thyroid cancers (results not shown) and when evaluating different lag periods (0, 10 and 20 years) for the radiation doses to the thyroid gland (results not shown). It is also important to note that the downturn in risk remained significant in the ERR and EAR models when accounting for effect modification of the linear portion of the dose response by age at exposure and time since radiation exposure, respectively (results not shown).
As with the previous case-control study, we found the linear exponential quadratic model (model 5) to best describe the ERR for thyroid cancer in relation to radiation dose, and the values of the parameters in our model (b 1 5 1.4, b 2 5 20.002) were nearly identical to the parameters estimated in the case-control study (b 1 5 1.3, b 2 5 20.002). While this model is the most consistent with radiobiological theory (14) , the quadratic exponential quadratic model (model 10) was also consistent with our data, particularly when examining the EAR. Both models 5 and 10, however, demonstrated similar patterns, and sex and time since radiation exposure were identified as modifiers of the EAR dose-response relationships in each of the models (results not shown). It is important to note that at low doses (,1 Gy) model 5 predicts an excess number of thyroid cancers that is nearly 12 times larger than those predicted by model 10 ( Table 6) . At larger doses, however, there were no substantial differences in the predicted number of excess cases between the models.
Also similar to the previous CCSS case-control study, we found neuroblastoma to be a risk factor for thyroid r d Likelihood ratio test comparing models with and without effect modification terms with adjustment for effect modification by age at radiation exposure.
e Likelihood ratio test comparing models with and without effect modification terms with adjustment for effect modification by time since radiation exposure.
f Likelihood ratio test using the underlying continuous variable. g Likelihood-based confidence interval incalculable, thus Wald-based 95% confidence interval presented.
THYROID CANCER AMONG CHILDHOOD CANCER SURVIVORS 749 cancer, independent of radiation exposure, which has been observed in another cohort of childhood cancer survivors (3). However, our finding was based on only nine cases, four of which were diagnosed with neuroblastoma before 1 year of age; only two patients were diagnosed with cancer before age 1 among the other 110 thyroid cancer cases. Given the strong interrelationship between type of first cancer, age at exposure and radiation dose (Table 3) , our observation for neuroblastoma may be attributable to an age-at-exposure effect for which statistical adjustment was not completely possible. It is also worth mentioning that when patients diagnosed with Hodgkin lymphoma were excluded from the analysis, the thyroid cancer dose-response relationship remained virtually unchanged (results not shown), meaning that our findings are not entirely attributable to Hodgkin lymphoma patients. We also observed suggestive evidence of an increased risk of thyroid cancer in association with chemotherapy that was independent of radiation exposure, which was not observed in the previous case-control study (1, 2) . However, after adjustment for radiation treatment the association with chemotherapy was relatively weak, of the order of 1.6-fold increased risk, demonstrating that the risk of second primary thyroid cancer is typically dominated by the radiation effect, particularly at the highest radiation doses where cell killing would presumably remove cells from chemotherapy-related cancer risk. Chemotherapy was not found to be a confounder of the association between radiation and thyroid cancer risk. The similarity of the EAR/Gy estimates by chemotherapy status but suggestive heterogeneity of the ERR/Gy estimates by chemotherapy status points to a potentially additive rather than multiplicative interaction between chemotherapy and radiation for the risk of developing a second primary thyroid cancer. Because of the variety of drug regimens and combinations, doses and schedules of treatments, however, it was beyond the scope of the present analysis to assess in detail the effects of chemotherapy as a modifier of radiation-associated risk.
Small numbers of thyroid cancer cases have precluded previous studies of childhood cancer survivors from conclusively demonstrating a downturn in risk at high doses and from examining effect modifiers of the dose response (3, 5) . There are larger studies in other settings with childhood radiation exposure, but doses to the thyroid gland were considerably lower (16) (17) (18) (19) (20) (21) (22) (23) . These lower-dose studies have been restricted to the linear portion of the dose-response relationship, though results from a few studies have suggested a leveling or downward curvature of thyroid cancer risk at the upper dose ranges (4 to 10 Gy) (16, 20, 21) .
Results for effect modification by sex have varied among previous studies, including no difference in ERR/ Gy by sex (16, 22) , a higher ERR/Gy in men compared to women (19, 20) and a higher ERR/Gy in female subjects compared to male subjects (21, 23) . The EAR/ Gy, however, has consistently been shown to be elevated in women compared to men (two-to fourfold) (20) (21) (22) , as in our study, reflecting the higher background rate of thyroid cancer among women. 
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The radiation-related relative risk of thyroid cancer has also consistently been shown to decrease with increasing age at exposure (19) (20) (21) (22) (23) . When considering time since exposure, a pooled analysis of seven studies of thyroid cancer, primarily among those exposed to radiation as children, found significant heterogeneity in the ERR/Gy, with an increase up to about 30 years, after which the risk began to decline (21) . This pattern was also apparent in an updated analysis of a study of thyroid cancer risk after childhood treatment with radiation for tinea capitis that originally contributed to the pooled analysis (22) . However, a recent case-control study of children in Belarus exposed to radiation from the Chernobyl accident found no significant heterogeneity in radiation-related risk by time since the accident (16) .
A downturn in risk at high doses has generally not been observed for solid tumors other than thyroid cancer. Risks of breast cancer, central nervous system tumors, osteosarcoma and lung cancer have demonstrated no evidence for departure from linearity for organ doses in excess of 30 to 60 Gy (24-28) among childhood cancer survivors and adults treated for Hodgkin lymphoma. Small study size, limited case numbers and narrow ranges of radiation exposure could explain why a downturn in risk was not observed in these studies. To our knowledge, the only other cancer type to demonstrate a downturn in risk at high doses is leukemia. Among patients treated for cervical cancer, an increased risk of leukemia was observed up to bone marrow doses of 4 Gy, after which the risk began to decrease (29) .
Our study had several strengths and limitations. Strengths included its large size, detailed treatment data and individual level dose estimates to the thyroid gland allowing for complex dose-response modeling. The dosimetry was not as detailed as for the previous casecontrol study because of the impracticality of evaluating each instance when the thyroid gland was under blocking, given the large number of patients who had radiotherapy. However, our findings are nearly identical to those of the case-control study, suggesting that the less detailed dosimetry was not a major limitation. We relied on self-reported thyroid cancers that were subsequently confirmed by study pathologists, and it may be possible that some cancer survivors neglected to report their second cancers or may not have completed the follow-up questionnaire. Unless such omissions are related to dose, it is unlikely to have introduced bias but would have added some imprecision to the risk estimates. Contrary to findings from the case-control study (2), we did not observe a significant difference in mean tumor size by type of first cancer, such as might be expected if surveillance was greater after some types of cancer (e.g., Hodgkin lymphoma) than for others. While there appeared to be an independent effect of neuroblastoma, we were unable to discount confounding by age at exposure, given that neuroblastoma patients tended to be younger at time of diagnosis.
In the largest study to date of second primary thyroid cancers among childhood cancer survivors, we have confirmed and strengthened the results of previous studies of populations exposed to radiation during childhood. Sex, age at exposure and time since exposure were found to be significant modifiers of the radiation-related risk of thyroid cancer and as such are important factors to take into account for clinical follow-up and thyroid cancer risk estimation among childhood cancer survivors.
